The stability of ordered solid solutions (OSS) with LiNi02 structure has been studied in a wide range of the lithium cationic fraction (0.22 < xt < 0.42). The OSS is obtained from the reactive system Ni0/Li2C 03 at 800 °C starting with high nominal lithium content (xt = 0.5). By analysis of the decrease of x, observed after annealing, during which evaporation and a contact reaction occurs, structure-composition relationships can be obtained.
Introduction
Two main kinds of solid solutions have been studied in the system N i0/Li20 for what concerns both their preparation and the electrical, magnetic and struc tural properties. Li^Nij.^O is a substitutional solid solution (SSS), whose "NaCl-related" structure [1] [2] [3] [4] [5] has a unique cationic site and derives from NiO by cation substitution. The cubic cell (Space Group: Fm3m) can be rhombohedrally distorted (S.G.: R-3m) depending on composition. The SSS's are typical semiconductors and are widely used in the prepara tion of devices for electrochemical cells, e.g. ceramic electrodes for Molten Carbonate Fuel Cells (MCFC) [6, 7] .
Another type of the general formula (Ni1_JC LiJC ) (Li1_yNiy) 0 2 derives from the layered LiNi02 com pound and can be defined as ordered solid solution (OSS) because of the preferred occupation of the two sites by different cations. Several L iM 02 type com pounds (M = V, Cr, Co, Ni) have recently been studied for their interest in ionic exchange and intercalation/ de-intercalation processes. These compounds find ap plications both in the preparation of electrodes for lithium batteries [4, [8] [9] [10] [11] [12] [13] [14] and in the design of oxidaReprint requests to Prof. V. Massarotti. tion selective catalysts [15, 16] . Their structure is char acterized by S.G. R-3m. The hexagonal cell is similar, but with a double c parameter with respect to the NiO related rhombohedral SSS. The oxygen ions form cubic-close-packed layers and the octahedral inter stices between couples of adjacent oxygen planes con tain the cations, M and Li, on alternate planes. Com pounds having the same structure, but with more or less large deviation from stoichiometry, have been ob tained both by solid state synthesis [11] [12] [13] 17] and by de-lithiation [18] [19] [20] .
The thermal stability of the SSS was studied in a large composition range [5] using the reactive system Ni/Li2C 0 3. It was observed that the cation vacancy concentration increases with increasing lithium con tent and the temperature of annealing. In [21] the homogeneity of the solid solution was investigated by refining structural and profile parameters from X-ray data. The appearance of broad and asymmetrical dif fraction peaks in dependence on the annealing time at 800 °C (while the Li content decreases) was explained by the presence of solid solutions of different composi tion and therefore with different values of the lattice parameters.
Crystallographic and magnetic properties of the phases present in the solid solution Li^Ni^^O (0 < x < 0.65) were studied by Goodenough et al. [1] 0932-0784 / 95 / 0200-0117 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72027 Tübingen and by Bronger et al. [2] . They found that partial cationic ordering occurs for x > 0. 28 and suggested that ordering of the cations occurs in the alternate 003 planes. Recently, X-Ray [4, 12, 13] and neutron [15] powder diffraction investigations gave a thorough description of structure-composition relationships, order parameter, order-disorder transition and short range order. Ordering of cations in "sandwich"-type clusters was also revealed by EPR of Ni3 + [22] , How ever, the kinetics of the OSS transformation as a func tion of thermal treatment has never been studied.
In the present work we have studied the structurecomposition relationship while the total Li content xt changes in the range 0.22 < xt < 0.42 as a conse quence of consecutive annealings of the sample. The range 0.22 < x, < 0.31, for which previous observa tions [12, 13, 15] seemed to indicate that Li and Ni are nearly randomly distributed in the cation site of the NiO structure, is carefully investigated. The samples are obtained from the reactive system N i0/Li2C 0 3 after different annealing times at 800 °C, starting from high nominal lithium content (xt = 0.5). Low lithium content samples are obtained after very long anneal ing. The decrease of lithium content in the OSS is due both to evaporation and slow reactive processes (with the quartz or alumina of the vessel surface), and the change of order in lithium nickel oxide can be ob served as a function of time.
Experimental

Materials
Li2C 0 3 (Merck 5671) and NiO obtained by decom position of N iS04 • 7H aO (Carlo Erba R.P.) were used for preparing the starting mixtures with 0.5 nom inal lithium cationic fraction. The nickel sulfate hy drate was decomposed by heating the powder (heating rate 5°/niin) up to 830 °C, holding at this temperature for 24 h and further annealing two times for 8 h at the same temperature. After each annealing the sample was ground in an agate mortar and tested for the presence of nickel sulfate by X-ray diffraction. After the treatment no sign of sulfate phase was revealed and the NiO particle size (approximately 0.1 -0.2 |im) was determined by SEM observations.
Sample Preparation
The solid solutions studied in the present work were prepared starting from the reactive system NiO/ Li2C 0 3. The reagents (0.5 lithium cationic fraction) were intimately mixed by grinding in an agate mortar and then heated at 5 °C/min up to 800 °C. An isother mal step at this temperature was held for the proper annealing time. The reactive process was performed in alumina and in quartz boats, both in bulk quantity and as low mass samples (in a thermogravimetric [TG] cell).
Apparatus and Procedures
Diffraction data were obtained by a Philips PW 1710 powder diffractometer equipped with a Philips PW 1050 vertical goniometer. Use was made of the CuKa radiation (Kolx = 1.5406 Ä; Kot2 = 1.5443 Ä) obtained by means of a graphite monochromator. Patterns were collected in the angular range 15° < 29 < 150° in step scan mode (step width: 0.03°; counting time: 1 s). Measurements were performed both on standard samples in an aluminum slide sam ple holder and on "thin samples" prepared by dispers ing the powder (usually prepared in a TG cell) be tween two polyethylene films as described in [21, 23] .
The thermal treatment of samples in the ther mogravimetric cell was performed with a DuPont 1090 Thermal Analysis System equipped with a DuPont 951 Thermogravimetric Analyzer. SEM micrographs were collected by a Cambridge Stereoscan 200 scanning electron microscope on gold sputtered samples (gold thickness about 150Ä).
Use was made of atomic absorption spectrometry to determine Li and Ni content of the samples.
Structural and profile parameters were obtained by the Rietveld refinement procedure [24] , The refine ment was performed with the program DBW3.2S [25] , to which reference should be made also for the mean ing of the discrepancy factors (Rp, Rwp, RB and GoF). The Rietveld method uses least squares procedures to minimize the residual
where yc , represents the observed intensities collected at each point of the pattern; w, is the statistical weight of each observation, in the following assumed as wf = l/y0 The total intensity yc i is calculated at point i for the general case of multiphase systems [26] :
where Kp is the scale factor, mh p the multiplicity of the reflection, Lh p the Lorentz-polarization factor, Fh p the structure factor, Gh p f the peak profile function (a parametrized pseudo-Voigt function [27] is used), Ah pj the peak asymmetry function, and yb , the back ground intensity contribution. The double summation in (2) makes possible to take into account all the h reflection contributions of each p phase. The fit between the observed patterns and the calcu lated ones was obtained on the basis of the following models: 
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The initial values for the lattice parameters were ob tained by least squares fit from peak positions de duced from the indexed diffraction patterns. During the Rietveld refinement the lattice parameters were furtherly varied according to the procedure described in [21, 23] . The isotropic thermal parameters for the oxygen site and for the cationic sites were always var ied independently. For each cationic site the sum of the atomic occupancy factors was constrained to unity. The values of the atomic scattering factors for Li+ and Ni2 + , and for O 2 -, reported in [28] and [29] , respectively, were always used in the Rietveld refine ments.
Results
The diffraction patterns of the samples show the lines expected for the layered LiN i02 structure [1, 2] even if the intensity of some lines (e.g. 003 and 101) changes remarkably as a function of time. For the most complete data set (samples annealed in a quartz boat) it can be seen that the intensity of such lines, that are typical of the presence of cationic ordering, in creases at the beginning of the annealing (Fig. 1 a) and decreases after prolonged treatments (Figure 1 served that, after annealing, the internal quartz wall was covered by a compact layer of lithium silicate, Li4Si04. The same phase was found in traces in the samples, especially after long treatment. So, in this reacting system the loss of lithium from the LiN i02 structure can be due to both volatilization and reac tion.
On the contrary, for samples annealed in alumina (e.g. TG data set), only a decrease of superstructure reflections, such as 003 and 101, is observed as a func tion of time ( Figure 3 ). The reaction between the reagents and the alumina wall was negligible, and no traces of aluminates were observed in the samples. The results of the structural analysis of the samples an nealed in alumina and quartz boats are given in Table 1 and Table 2 , respectively. For each data set are given: annealing time, t; profile discrepancy factor, Rp; weighted discrepancy factor, Rwp; goodness of fit, GoF; lattice parameters, a, c; hexagonal cell volume, V; rhombohedral distortion, (c/a)/2 y j6; Li occupancy Refinements were performed excluding the 003 re flection, whose calculated profile was not in satisfac tory agreement with the experimental one because of strong asymmetry of the latter. Moreover, in some cases (xt < 0.31 samples) the calculated FWHM for the 003 peak resulted sensibly underestimated. In Ta bles 1 and 2, in addition, are also reported Rwp and GoF values obtained by refining the complete data set (003 reflection included). For the samples annealed in 3 . Variation with time of the OSS peak intensity for samples annealed in alumina (TG cell). The peak appearing at 2 6 (°) = 20 is due to the polyethylene film used for thin samples.
alumina (in oven or in TG cell) the fits are comparable for all data sets ( Table 1 ). The observed, calculated and difference plots for the first data set of Table 1 are reported in Fig. 4 , as an example. The composition of the solid solutions (xt) can be obtained from the occupancy values after Rietveld refinement. The sample composition is also obtained both by elemental analysis for Li and Ni, using atomic absorption (xchem), and by analyzing thermogravimetric mass change data (xTG) for comparison. The results are reported in Tables 1 and 2 and show fairly good agreement. TG measurements give the additional in formation that after 6 h annealing at least 4% Li2C 0 3 is still present. Because of the complex influence ex erted on a mass change by Li2C 0 3 decomposition and Li20 dissolution and volatilization, it is impossi ble to determine the amounts of the different contribu tions. However the upper limit of lithium content can (20) 395 (12) 147 (5) 193 (7) 59 (5) * Arbitrary units. For compounds of the general formula (Ni1_xLiJC )(3a)(Li1_,,Niy)(3b)0 2 the first evidence of changes in site occupancies can be found in changes in X-ray intensities. Morales et al. [4] showed that these changes are specially evident if the intensity ratio / 003/ 1104 is observed. The 003 reflection is only typical for the ordered double cell structure (OSS), while the re flection 104 of the same phase is substituted by the 102 one in the hexagonal cell with halved c axis and a unique cationic site (SSS) or by the 400 one in the other limiting cubic NaCl-related structure. The plot of Fig. 5 a shows the dependence on annealing time of the 7003//io4 ratio. For the most complete data set of Table 2 the highest values of intensity ratio are ob tained for samples annealed for 18 to 48 h. Low mass samples obtained in the TG cell (annealed in alumina) give a quite different trend of / 0o3/^io4 vs-timeIn particular the ratio is much higher for short anneal ing times, decreases monotonously with increasing time and after 36 h is lower than that pertinent for 96 h in quartz. A more comparable trend among the different data sets can be obtained by plotting the Li occupancy obtained for the two cationic sites, as shown in Fig. 5 b, where the order parameter S is also reported. The maximum degree of order is observed in a limited time range (approximately 15 to 50 h), which is characterized by the presence of Li on 3 b cation sites only, with an occupancy factor ranging between 0.62 and 0.68. The occupancy factors are obtained without strong correlation between the same param eters and the isotropic thermal factors. S increases in the first time range (0-15 h), remains nearly con stant in the second range (15-50 h), and decreases monotonically during the third range (t > 72 h), while the Li occupancy of 3 a site increases. This trend de t / h Table 2 ).
scribes the change of order in the compound (Ni1_xLix)(3a)(Li1_J,Niy)(3b)0 2 while the total lithium content attains the maximum and then decreases be low the critical value 0.31.
For the other samples, obtained in alumina, both in oven and in the TG cell (Table 1 ), the refinement gives remarkably higher Li occupancies on 3 b cation sites, and hence higher total Li content, than those obtained in quartz. This can be due to different reactivity of lithium oxide with the container wall. The process may occur during the entire annealing but shows its main influence in the beginning. V. 
Lattice Parameters and Cell Volume
The lattice parameters determined by refinement (Tables 1, 2 and/or in lattice parameters can be responsible for the observed discrepancies in the V values. Then, it can be observed that, for the same laboratory, the knowledge of the coefficients of the linear function of V vs. xt might be helpful to determine the lithium content from the experimental values of the lattice parameters [11, 15] . Consequently it is not surprising that a sys tematic difference has been found by Pickering et al. [15] between their Li content values (obtained by chemical analysis) and those deduced by a known linear dependence V on x, [1, 4] using their lattice parameters.
Rhombohedral Distortion
For the structure of the compound (N ij^L iJo^ (Li1_),Niy)(3b)0 2 the rhombohedral distortion repre sents an important characteristic [1, 4, 12, 13, 15] , which can be defined as the deviation of the ratio c/a with respect to the ideal cubic value 2 v //6. The values obtained are reported in Tables 1 and 2 . When expressed as percentage variation [1, 4, 15] , (Fig. 8) , shows the decrease of P with decreasing xt. Some scatter of data, comparatively larger than that ob served for the V vs. xt plot, can be due to the presence of correlation, low but negative, between a and c re fined values. For samples annealed more than 72 h and for those annealed for a short time as well (i.e. samples with low Li content), a larger uncertainty in the P values must be expected. Anyway, the general smooth variation of P as a function of xt is clearly observed and compared with other data previously reported in the literature [4, 12, 15] . As deduced by Li et al. [12] and by Pickering et al. [15] , P should vanish at the limiting composition for the cubic-rhombohedral transition xt = 0.31. However, considering the variation in the metal-oxygen bond length for the two cation sites [15] , and from the observation of broad and diffuse superlattice reflections in a cubic low lith ium content sample, it was suggested [12, 15] that some degree of order is still present for xt <0.31. The trend of our P values for low Li content shown in Fig. 8 , together with the result of the linear extrapola tion of our high Li content results, seem to confirm such a hypothesis. A change in the trend of P is indeed observable for xt ^ 0.31.
For a better understanding of the behaviour of rhombohedral distortion of low lithium content sam ples it is necessary on one side to state the homogene ity degree of these samples, on the other side to ex plain why Rietveld profile refinements of their patterns give systematically less satisfactory fits than those obtained for samples with higher lithium con tent, annealed for 15 to 50 hours. It must be reminded that samples annealed for only a few hours (<15 h) can contain lithium carbonate impurity. However, the influence on the fit should be negligible and can be eliminated by excluding some limited angular regions. Samples obtained after very long annealing (> 50 h) can contain impurity due to contamination from the vessel material. Also in this case, the influence on the quality of the fit is negligible. Table 2 for specifying the ranges) allows to point out some details of the results pertinent to the samples of the two ex treme annealing conditions. a) S a m p le s A n n e a le d fo r le ss th a n 15 h Two sets of reflections can be observed (I and II). They are characterized by two distinct line widths, w, and vvn, with w, > wn. Type I reflections are pertinent to an ordered structure cell, type II reflections are pertinent to a simple cell (with one cation site ran domly occupied).
Line width and intensity of set I peaks depend on the annealing time: W j decreases with increasing t, the intensity increases with t. b) S a m p le s A n n e a le d fo r m o re th a n 50 h Two sets of reflections can be observed as reported in a); w, increases with t, the intensity of set I peaks de creases with t.
As a result of Rietveld profile refinement on data obtained after extreme annealing conditions the line profile fitting is satisfactory for set II reflections only. Figure 9 shows, for the 84 h annealed sample, the FWHM obtained by Rietveld refinement as a function of the reflection angle together with the FWHM val ues for both type I and type II reflections obtained by individual profile fitting. It can be seen that the calcu lated trend agrees with the FWHM of set II peaks only. Taking into account the presence of short-range order scattering (SRO) [13] , it is possible to explain in part the considerable profile broadening observed for type I peaks, in particular for what concern their long tails. The results of peak profile fitting of 003 reflec tion, using two lorentzian profiles for SRO and longrange order (LRO) contributions, are reported in Table 3 . The coherence length values for both SRO and LRO components are obtained by the Scherrer formula taking into account the instrumental broad ening (equal to 0.106° 26). The lorentzian shape of profiles allows one to consider the simplified model of additivity of instrumental and sample (crystallite size) breadth components to give the observed line width [30] . For samples with x, <0.31, both SRO and LRO are present; no SRO contribution is observed in sam ples with x, >0.31. The SRO coherence length is nearly constant while the LRO coherence length de creases with decreasing lithium content. The intensity contributions of SRO scattering relative both to the total 003 and 104 integrated intensities increase with decreasing lithium content for xt < 0.31. A different dependence of the SRO intensity on the lithium con tent is given in the literature [13] : we are quite confi dent that in our samples the inhomogeneous region can be limited to the range xt <0.31.
The above observations suggest the formation of a new ordered phase during the first range, where the lithium content increases, and the destruction of the same phase during the third range, due to Li content decrease and random solid solution formation. In both ranges the system should be considered a two phase system, and structural refinements should be undertaken using a suitable model. Recent evidence of two-phase system after higher temperature treatments (T > 850 °C) and quenching [31] has been explained on the basis of LiNi02 decomposition and formation of partially disordered Lix _xNi1+x0 2 and fully disor dered Li^Nij.j O.
A Model for the Transformation
The gradual decrease of mean cationic order as the lithium content decreases can be described by consid ering the initial crystallite sizes to be nearly the same as Llro . During the annealing some crystallite boundary loses order after lithium loss and cation exchanges: nucleation of a new disordered phase starts with a local order parameter, SD, much smaller than the mean crystallite order, S0. At the same time an tiphase domains can form whose presence would have relevant effects on the broadening of the superstruc ture reflections. However, because of the long anneal ing of the samples, an appreciable contribution of antiphase domains to the broadening should not be observed. Using a polycrystalline sample, made of a great amount of crystallites statistically oriented, a diffraction experiment shows a pattern equal to the sum of diffraction effects due to the lattices of the different phases. In the present system there are two phases differing in lithium content, degree of order, lattice parameters and crystallite size. The model adopted for the Rietveld profile refinement includes the following phases: I -OSS, as previously reported in 2.3, to describe the superstructure peaks whose inte grated intensities particularly depend on the order parameter; II -SSS, to describe the most intense peaks of the patterns having pronounced overlapping with the fundamental reflection of the OSS phase.
Structural data pertinent to the two phases of the model can be obtained as follows. For each phase, lattice parameters, profile parameters, isotropic ther mal factors, occupancy factors and structure factors are independently obtained by refinement. The per centages of the two phases are calculated from the scale factors of the phases according to the procedure of Hill and Howard [26] . Two phase refinement is performed using 10 structural parameters (6 and 4, respectively, for phase I and II), 14 phase) and 4 to 6 global (background) parameters. Figure 9 shows, for the 84 h annealed sample, also the results of the FWHM fit for both set I and set II peaks after the two-phase refinement (dashed and dotted curves). Figure 10 shows the best agreement between observed and calculated patterns with the two-phase model (a) compared with that obtained with the mono-phase model (b), for the 84 h annealed sample. Only in the first case both the larger OSS peaks (indi cated by arrows) and the narrower SSS peaks can be suitably explained. The two-phase model has been used for all the samples with x, <0.31. The results of the refinements are given in Table 4 , where the mass percentages for the OSS and SSS phases are also re ported. The assumption of the two phase model allows us to deduce that:
-The mass percentage of ordered phase shows op posite variations in the first and third range. In the first one the OSS increases with time while the global Li content xt increases and the Li occupancy on 3 b site remains approximately constant. The first forming SSS has high lithium content, then in a few hours a large part of it transforms into the lithium richer OSS phase that remains in equilibrium with the lower Li content SSS phase.
-In the third range the OSS decreases with increas ing time, while xt decreases and the Li occupancy (on 3 b site) remains nearly constant. After long annealing the OSS transforms slowly, while its Li content remains constant, into a SSS phase with lower Li content. The mean values xLi(SSS) = 0.24(4) and xLi(oss) = 0.40(5) are obtained from the pertinent val ues reported in Table 4 .
-From the mass percentages of the OSS and SSS reported in Table 4 the degree of transformation of the former into the latter, a = %SSS/(%SSS + %OSS),
can be deduced as a function of time. Such a transfor mation follows a two-dimensional diffusion mecha- 
the values t0 = 43 h and k = 1A1 ■ 10"3 h~1 are ob tained.
-The lattice parameters and hence the cell volume and rhombohedral distortion of the two phases show a quite regular trend during the transformation occur ring in the first and in the third annealing range. The most evident variations occur for the first and the last sample. In these cases the deviations can be due to the less significant OSS lattice parameters because of both the low contribution of the phase and the very re markable broadening of its peaks.
-The variation in peak broadening as a function of annealing time, more evident in the third range, can be observed during the whole treatment. The measure ment of the line broadening of the OSS peaks, partic ularly for the 003 reflection (Table 3 ) enables one to deduce the SRO and LRO coherence lengths. The plot of ^lro vs-annealing time (Fig. 11) shows the rapid increase of the OSS coherence length in the first few hours of the annealing, followed by a stability range of the same phase, and then by a monotonic decrease in L values as the order disappears. This solid state transformation requires more than 100 h in the pres ent conditions. It can now be understood why the P values for samples with xt < 0.31 in Fig. 8 cannot have the same significance as the other ones. In this composition range the parameter deduced from single phase struc tural refinement may be incorrect or misleading be cause of the presence of a second phase not included in the model.
Conclusions
Samples of the layered compound Ni(Li1_yNiJ,)02 can be obtained in the reactive system N i0/Li2C 0 3 with initial Li cationic fraction xt = 0.50 through an nealing at 800 °C. After a sufficiently long annealing time, depending on the reaction conditions, the lith ium content and order parameter gradually decrease because of evaporation and contact reactions. The transformation can take place when part of the sys tem (boundary phase) contains less than a critical lithium cationic fraction (0.31): the ordered phase be comes unstable and forms the simple solid solution Li^Ni^^O. At the same time significant LRO and SRO effects are observed. The percentage of SSS in creases and the OSS phase maintains its Li content while its percentage decreases. The rate of SSS forma tion can be well described on the basis of a diffusion mechanism by which the cation occupancy random izes. So, the SSS, and OSS phases transform easily into one another, each of them at the proper lithium con tent, the driving force being the Li concentration and the direction of the gradient. The coexistence of the two-phases in the system makes the study of some properties in the composition range 0.20 < xt < 0.31 quite difficult. For this reason the results should be critically evaluated, particularly for samples subjected to long thermal treatment.
The kinetics of the transformation is now being studied and will be reported in a further paper.
